The N-acetylglucosamine (GlcNAc) transferase that catalyzes the formation of dolichyl-pyrophosphoryl-GlcNAc-GlcNAc from UDPGIcNAc and dolichyl-pyrophosphoryl-G1cNAc was solubilized from the microsomal enzyme fraction of mung beans with 1.5% Triton X-100, and was purified 140-fold on columns of DE-52 and hydroxylapatite. The partially purified enzyme preparation was quite stable when stored in 20% glycerol and 0.5 millimolar dithiothreitol, and was free of GIcNAc-I-P transferase and mannosyl transferases. The GIcNAc transferase had a sharp pH optimum of 7.4 to 7.6 and the K,,for dolichyl-pyrophosphorylGlcNAc was 2.2 micromolar and that for UDP-GlcNAc, 0.25 micromolar.
The biosynthesis ofthe oligosaccharide portion ofthe N-linked glycoproteins involves the formation of lipid-linked oligosaccharides and transfer of oligosaccharide to protein (7, 18, 28) . The formation of the lipid-linked oligosaccharides requires a number of membrane-bound glycosyl transferases that catalyze the addition of GlcNAc, mannose, and glucose to a lipid carrier with the ultimate formation of the tetradecasaccharide-lipid, Glc3Mang(GlcNAc)2-pyrophosphoryl-dolichol (7, 20, 29) . Many studies have been done on the lipid-intermediate pathway in animal cells, and several of the glycosyl transferases have been solubilized and partially purified.
The Glc3Man9(GlcNAc)2-pyrophosphoryl-dolichol has also been isolated and/or synthesized in several different plant systems (15, 22, 27) . However, considerably less information is available on the individual reactions in the lipid-linked saccharide pathway in plants. Previously , we showed that a particulate enzyme fraction from mung bean seedlings incorporated mannose from GDP-mannose into a number of lipid-linked oligosaccharides (16) . The oligosaccharides were partially characterized as Man(GlcNAc)2-PP-lipid, Man2(GlcNAc)2-PP-lipid, Man3(GlcNAc)2-PP-lipid, Man5(GlcNAc)2-PP-lipid, and Man7-(GlcNAc)2-PP-lipid. Recently, the mannQsyl transferases from suspension-cultured soybean cells were solubilized (17) . The solubilized enzyime preparation synthesized Man3- ' Supported by grants from the National Institutes of Health (AM 21800) and the Robert A. Welch Foundation.
(GIcNAc)2-lipid, Man5(GIcNAc)2-lipid, Man6(GlcNAc)2-lipid, Man7(GIcNAc)2-lipid, and Man8(GlcNAc)2-lipid when incubated with lipid acceptors, dolichyl-phosphate and GDP-['4C] mannose. However, when the incubations were done in the presence of EDTA and amphomycin, both of which inhibit the formation of dolichyl-phosphoryl-mannose, only the Man3(GlcNAc)2-lipid and the Man5(GlcNAc)2-lipid were formed ( 17) . That study suggested that the first five mannose residues in the lipid-linked oligosaccharides come directly from GDP-mannose, whereas the next four mannose units come from dolichylphosphoryl-mannose. Similar results were previously reported in animal cells (18, 20) . The individual mannosyl transferases have not been purified from either plant or animal systems so that their properties are not known.
However, in order to understand the lipid-linked saccharide pathway in detail, it will be necessary to purify each of the glycosyl transferases and determine their requirements for glycosyl donor and glycosyl acceptor. Such studies will also indicate control points in the pathway, if they exist. Thus, we have initiated an attempt to purify as many of the individual glycosyl transferases as possible. In this report, we describe the partial purification of the GlcNAc transferase that adds GlcNAc to GlcNAc-pyrophosphoryl-dolichol to form GIcNAc-GlcNAc-pyrophosphoryl-dolichol. Various properties ofthe partially-purified enzyme are described. Preparation of Dolichyl-Pyrophosphoryl-GIcNAc. The dolichyl-pyrophosphoryl-GlcNAc that was used as the G1cNAc acceptor was prepared from pig liver, by a modification of a previously described procedure (12) . Pig liver (about 2 kg) was blended in 2 L of distilled H20 and the suspension was made 1:1:1 (CHCI3:CH30H:H20) by the addition of CHC13 and CH30H. The extraction was mixed thoroughly and the phases were allowed to separate. The lower, CHC13, phase was removed and saved, and more CHC13 (3 L) was added to the mixture. After thorough mixing, the CHC13 layer was removed and pooled with the previous CHC13 layer. The rest of the suspension was filtered and the residue was resuspended in 5 L of CHC13:CH30H:H20 (10:10:3). After standing overnight, the extraction was filtered and the 10:10:3 solution was saved. The residue was reextracted with another 5 L of 10:10:3. The 10:10:3 extracts were pooled, concentrated under vacuo at 35°C, dissolved in 1 L of CHC13:CH30H:H20 (10:10:3) containing 0.1 N NaOH and heated at 37°C for 30 min to saponify lipids.
MATERIALS AND METHODS

Materials
After saponification, the mixture was adjusted to 1:1:1 of CHC13:CH30H:H20 by the addition of water, and the lower phase and interface were removed and washed with 50% CH30H. The CHC13 layer was then removed, concentrated to dryness, and redissolved in 10:10:3. This fraction, containing the dolichylpyrophosphoryl-GlcNAc, was applied to a DEAE-cellulose (acetate) column that had previously been equilibrated with 10:10:3. The column was washed with 10:10:3 and the lipid-linked saccharides were eluted with 0.2 M ammonium formate in the same solvent. The ammonium formate eluate was adjusted to 1:1:1 by the addition of water and mixed vigorously. The phases were separated and the lower CHC13 phase and interface were again saponified, concentrated and redissolved in 10:10:3. To this 10:10:3 solution, a small amount of radioactive (8000 cpm) dolichyl-pyrophosphoryl-GlcNAc as prepared previously (19) , was added as a marker. This mixture was applied to a DEAE cellulose column as described above but in this case the column was eluted with a linear gradient of 0 to 0.2 M ammonium formate. The dolichyl-pyrophosphoryl-GlcNAc emerged at about 0.1 M ammonium formate. The lipid was further purified by TLC on silica gel plates in CHC13:CH30H:NH40H:H20 (70:44:5:5).
Assay of UDP-GlcNAc:Dolichyl-Pyrophosphoryl-GlcNAcGIcNAc Transferase. The dolichyl-pyrophosphoryl-GlcNAc (1.2 nmole) was dispersed in 1% Triton X-100, 2 mM MgCl2, 50 mM Tris-HCl buffer (pH 7.4), 0.1 ml BSA (0.5%), and 0.1 ml of enzyme solution in a final volume of 0.4 ml. The reaction was started by the addition of 0.1 ,uCi of UDP-[3H]GlcNAc, and the mixture was incubated for 15 min at 37°C. The reaction was terminated by the addition of 0.6 ml of H20 and 2 ml of CHC13:CH30H (1:1). The mixture was vortexed vigorously and the phases were separated by centrifugation. The lower, CHC13, phase was gently removed and saved. The upper phase and interface were reextracted with another 1 ml of CHCI3. The CHC13 layers were pooled and washed with CHC13:CH30H:H20 (3:48:47). The lower phase, which contained dolichyl-pyrophosphoryl-GlcNAc-GlcNAc, was counted for the determination of radioactivity. When inhibitors or sugar nucleotides were tested, they were preincubated with the GlcNAc transferase for 1 min, before the reactions were started by addition of UDP-GlcNAc.
Chemical Procedures. Protein was determined by the method of Bradford (5). Lipid-linked saccharides were hydrolyzed in 0.02 N HCI in 30% CH30H at 100°C for 20 min. After hydrolysis, the solution was washed with CHC13 to remove lipids and the aqueous phase was concentrated to dryness and dissolved in a small volume of water. The sugars were then identified by chromatography on a 1.5 x 150 cm column of Biogel P-4. The column was equilibrated and run in 0.5% acetic acid. A variety of standard oligosaccharides were run on the column including Man9(GlcNAc)2 to Man1(GlcNAc)2, N,N'-diacetylchitobiose, GlcNAc, and mannose.
RESULTS
Solubilization and Purification of GlcNAc Transferase.
A number of detergents were tested for their ability to solubilize the GlcNAc transferase from the mung bean microsomal fraction. About 80 to 90% of the enzymic activity was solubilized by 1.5% Triton X-100 or NP-40. However, these detergents were ineffective below 0.5%. Octylglucoside and sodium deoxycholate were found to be less effective than Triton X-100 or NP-40. Thus, we used Triton X-100, at 1.5% for solubilization.
The solubilized enzyme (18 ml) was applied to a DE-52 column that had been equilibrated with 50 mM Tris-HCl buffer (pH 7.5) containing 20% glycerol, 0.2% Triton X-100, and 0.5 mM dithiothreitol. The column was washed with 30 ml of this buffer and eluted batchwise with 60 ml portions of 50 mm, 100 mM, 250 mM, and 400 mm NaCl in the same buffer. Figure 1 shows the elution profile. The enzyme activity was eluted with 50 mM NaCl between fractions 27 and 53. Fractions 31 to 49 were pooled and dialyzed overnight against 2 mM sodium phosphate buffer (pH 7.2) containing 20% glycerol, 0.2% Triton X-100, and 0.5 mM DTT. This purification step gave a 15-fold increase in specific activity with almost no loss of activity.
The enzyme from the DE-52 columns (38 ml) was applied to a 2.5 x 6 cm column of hydroxylapatite that had been equilibrated with 2 mm sodium phosphate buffer (pH 7.2) containing 20% glycerol, 0.2% Triton X-100, and 0.5 mM DTT. The column was washed with buffer and then eluted with 120 ml of a linear gradient of0 to 0.2 M sodium phosphate buffer (pH 7.2) containing 20% glycerol, 0.2% Triton X-100, and 0.5 mm DTT. As shown in Figure 2 , the enzyme activity was eluted in fractions 41 to 69. Fractions 45 to 67 were pooled, kept in ice, and used throughout these studies.
Using the above procedure, the GlcNAc transferase was puri- fied about 140-fold with a yield of about 85%. The outline of the purification procedure and the yield at each step is shown in Table I . At the final stage of purification, the GlcNAc transferase was quite stable as long as it was stored in buffer at pH 7.2, containing 20% glycerol and 0.5 mM DTT. Thus, at 0°C there was a 20% loss in activity after storage for 6 d, while at -20C, only 10% of the activity was lost in 1 month. However, in the absence of 20% glycerol and 0.5 mM DTT, all of the activity was lost after storage overnight at 0°C.
Properties of the GlcNAc Transferase. The purified GlcNAc transferase catalyzed the transfer of GlcNAc from UDP-GlcNAc to dolichyl-pyrophosphoryl-GlcNAc to form dolichyl-pyrophosphoryl-GlcNAc-GlcNAc. This reaction was linear with time of incubation for at least 12 min, and was also proportional to enzyme concentration up to 8 gg of protein (data not shown). The enzymic activity was inhibited by the addition of EDTA to the incubation mixtures and this inhibition could be overcome by the addition of divalent cations, especially Mg2". In addition, although the enzyme did not show an absolute requirement for divalent cation, its activity was greatly increased by the addition of Mg2'. Mn2' also stimulated activity but not nearly as well (data not shown).
The purified enzyme showed a very sharp pH optimum at 7.4 to 7.6 (data not shown). On either side of this pH optimum, activity rapidly declined. The pH profile for the GlcNAc transferase was similar in either Tris buffer or in Hepes buffer. The purified transferase was greatly stimulated by detergent as shown in Figure 3 . The enzyme was normally kept in 0.2% Triton X-100, and therefore it was not possible to completely remove all detergent from the reaction mixtures. However, as the amount of detergent was increased to 0.2% and beyond, there was a dramatic increase in activity. In most of the experiments described here, the incubations contained Triton X-100 at a final concentration of 0.25%.
The effect of substrate concentration on the formation of dolichyl-pyrophosphoryl-GlcNAc-GlcNAc was examined with the partially purified GlcNAc transferase. Figure 4 shows that the formation of dolichyl-pyrophosphoryl-GlcNAc-GlcNAc was proportional to the concentration of dolichyl-pyrophosphorylGlcNAc up to about 1.5 or 2 gM, and then began to level off at higher concentrations of substrate. When this data was plotted according to the method of Lineweaver and Burk, the Km for dolichyl-pyrophosphoryl-GlcNAc was estimated to be 2.2 gM. The effect of UDP-GlcNAc concentration on the reaction rate was also determined as shown in Figure 5 . The increase in product formation was proportional to UDP-GlcNAc concentration. When this data was plotted according to Lineweaver and Burk, the Km for UDP-GlcNAc was estimated to be 0.25 uM. However, it should be pointed out that these experiments were done at less than saturating levels of UDP-GlcNAc, since it was not possible to dilute the radioactive UDP-GlcNAc with unlabeled sugar nucleotide and still retain sufficient activity.
Identification of the Reaction Products. In order to characterize the product formed from UDP-GlcNAc and dolichyl-pyrophosphoryl-GlcNAc, the lipid-linked saccharide product formed by either the solubilized enzyme or the partially purified enzyme was isolated by solvent extraction. The radioactive oligosaccharides were liberated by mild acid hydrolysis and these oligosaccharides were identified by gel filtration on columns of Biogel P-4. Figure 6 shows the profile obtained from this column with the product of the solubilized enzyme. In this case, the major radioactive product corresponded to N,N'-diacetylchitobiose indicating that by far the major product was dolichyl-pyrophosphoryl-GlcNAc-GlcNAc. However, a small peak was also seen that corresponded to Man-GlcNAc-GlcNAc suggesting that the solubilized preparation might contain small amounts of GDPmannose as well as mannosyl transferase.
However, when the product of the hydroxylapatite-purified transferase was examined, the only oligosaccharide corresponded to N,N'-diacetylchitobiose, and no larger-sized oligosaccharides were seen (data not shown). The purified enzyme did not show any UDP-GlcNAc-dolichyl-P: GlcNAc-l-P transferase activity Effect of concentration of dolichyl-pyrophosphoryl-GIcNAc on activity of GlcNAc transferase. Incubation mixtures were as described in the text except that various amounts of dolichyl-PP-GlcNAc were added as indicated in the figure. The incubations contained 30 'tg of DE-52 enzyme. The formation of dolichyl-PP-GlcNAc-GlcNAc was determined as described in the text. As shown by the inset, the data were plotted by the method of Lineweaver and Burk.
UDP-GlcNAc pyrophosphatase activity as indicated by the fact that UDP-[3H]GIcNAc was stable when incubated alone with this enzyme. On the other hand, the solubilized enzyme fraction did contain pyrophosphatase activity as shown in Figure 7 . It can be seen by panel A, that UDP-[3H]GlcNAc was degraded by the solubilized enzyme to GlcNAc-l-P. This degradation was mostly prevented by the addition of unlabeled GDP-mannose, GDP-glucose, UDP-glucose, AMP, or NADH. However, ATP or ADP did not protect the UDP-GlcNAc from degradation. It is not clear why some nucleotides protect and others do not.
Inhibition of GIcNAc Transferase by Uridine Nucleotides or Antibiotics. The effect of various nucleotides and sugar nucleotides on the GlcNAc transferase was studied with the enzyme purified from hydroxylapatite. In the experiment presented in Figure 8 , the ability of the enzyme to form dolichyl-pyrophosphoryl-GlcNAc-GlcNAc was examined in the presence ofvarious amounts of unlabeled uridine nucleotides. It can be seen that UDP was the most potent inhibitor causing 50% inhibition at about 50 gM. UDP-glucose and UMP were also inhibitory but less so than UDP, and UTP was the least effective. The inhibition A number of antibiotics have been reported to effect the lipidlinked saccharide pathway in plants, yeast, and animal cells (7) . In plants, tunicamycin was shown to inhibit the formation of dolichyl-pyrophosphoryl-GlcNAc (9), while amphomycin blocked the formation of dolichyl-phosphoryl-mannose and dolichyl-pyrophosphoryl-GlcNAc (10) . Another antibiotic, showdomycin, was found to inhibit the GlcNAc-l-P transferase that forms dolichyl-pyrophosphoryl-GlcNAc in green algae (24) . Finally, bacitracin was found to inhibit GlcNAc incorporation into lipids in plants but the specific site of inhibition was not determined (1 1). As shown in Figure 9 , we examined the effects of various amounts of these antibiotics and several others, on the ability of the purified enzyme to catalyze the synthesis of dolichyl-pyrophosphoryl-GlcNAc-GlcNAc. It (6, 13, 21) . Two GlcNAc residues are transferred to dolichyl-phosphate in this system; the first GlcNAc is transferred as GlcNAc-l-P from UDP-GlcNAc, while the second is transferred as GlcNAc from this sugar nucleotide (23) . As yet, neither of these enzymes has been solubilized or purified from any plant sources. The first enzyme, i.e. the GlcNAc-l-P transferase has been partially purified from pig aorta (14, 19) and other animal sources (1, 25). The second enzyme, i.e. GlcNAc transferase, was solubilized from yeast (26) but it has not been purified or studied from any other source.
In this report, we describe the purification of the UDPGlcNAc:dolichyl-pyrophosphoryl-GlcNAc-GlcNAc transferase from mung bean seedlings. The 140-fold purified enzyme was free of Glc-NAc-l-P transferase and mannosyl transferases, and catalyzed the formation of a single product, dolichyl-pyrophosphoryl-GlcNAc-GlcNAc. This transferase was stable for at least a month in the frozen state and for 5 enzyme is fairly stable under these conditions, allowing a number of studies to be done. Our preliminary studies did not give any indication that this enzyme plays a role in regulation of the pathway although the enzyme was inhibited by certain uridine nucleotides. However, it is likely that these inhibitions represent either product inhibition or substrate analogs. Further studies with this purified enzyme should indicate whether other factors inhibit this enzyme. In terms of other types of inhibitors, diumycin was found to be a fairly effective inhibitor of this activity while amphomycin, showdomycin, and bacitracin were either inactive or marginally active. Diumycin has previously been reported to inhibit GlcNAc incorporation in yeast (2) and Acanthamoeba (30) . However, it has not been tested with any punified glycosyl transferases. If it proves to be specific for this enzyme, it could be of considerable use as a selected inhibitor of the pathway. 
